Abstract. We demonstrate a band-pass resonator in the terahertz (THz) range, based on a frequency-selective designer reflector. The resonator consists of a parallel-plate waveguide, a designed groove pattern cut into the output facet of each plate, and a reflecting mirror. The patterned facet supports a spoof surface plasmon mode, which modifies the reflectivity at the waveguide output facet by interacting with the waveguide mode. By tuning the geometrical parameters of the groove pattern, the reflectivity at the patterned output facet can be increased up to ∼100% for a selected frequency. Broadband THz waves are quasi-optically coupled into this resonator and reflected multiple times from the patterned facet. This leads to a narrowing of the spectrum at the selected frequency. The Q value of the resonator increases as the number of reflections on the patterned facet increases, reaching ∼25 when the THz wave has experienced 12 reflections.
Introduction
Theoretically, bound surface waves are not supported on the surface of a perfect metal with infinite conductivity. Therefore, practically, in spectral regimes where metals become highly conducting, surface waves are only weakly bound. However, by adding structure to an otherwise smooth metal surface, it becomes possible for the surface to support a tightly bound surface wave, known as a spoof surface plasmon (SSP) [1] [2] [3] [4] . The characteristics of propagation and confinement of the electromagnetic waves on a corrugated perfect metal surface are closely analogous to those of the surface plasmon waves on a metal with finite conductivity, which is excited by the interaction of electromagnetic waves with free electrons on the surface. A promising aspect of SSPs is that their properties can be controlled in a range of frequencies by changing the geometry of the patterned structures [5, 6] . This concept is especially important in the terahertz (THz) range where the metallic conductivity is very high for most common metals leading to weakly bound surface waves (e.g. [7] [8] [9] [10] [11] [12] ). Thus the concept of SSPs has attracted a great deal of recent interest in applications such as squeezing a THz beam into a subwavelength volume [4, 13] , enhancing transmission through a subwavelength aperture or slit [14] [15] [16] [17] or improving the collimation of the spatial mode of a THz quantum cascade laser [18, 19] .
Many of these previous studies involving THz SSPs have been focused on enhancing transmission through a subwavelength structure; the idea of using SSPs for enhancing reflection has not been explored. Recently, we described an approach for engineering a high reflectivity (>99%) at the output facet of a parallel-plate waveguide (PPWG) by using subwavelength structures on the waveguide's output facet [20] . We choose a PPWG as a design platform because of its popularity as a prototype guided wave structure in the THz region. With a TEM mode having no cut-off, negligible group velocity dispersion, and low ohmic losses, the PPWG has proven to be a useful platform for many applications involving THz pulses [21] [22] [23] [24] [25] . As is well known, an abruptly terminated PPWG exhibits a reflection at the output end, resulting from an impedance mismatch between the waveguide and free space [26, 27] . Although there is no simple analytic description for the strength of this reflection as a function of the spacing between the parallel plates, we have recently characterized it using experimental measurements [27] , and exploited its sensitivity to near-field effects for subwavelength imaging [26] . For a large plate spacing (b > λ), the effective impedance of the PPWG is close to the impedance of free space Z 0 (∼377 ), and as a result there is almost no reflection. For a small plate spacing (b < λ), the effective impedance of the PPWG decreases proportionally to the plate spacing b, and thus the reflection resulting from the impedance mismatch increases as b decreases, approaching unity if b is much smaller than the wavelength λ [26, 27] . When an appropriate structure is cut into the output facet of the PPWG, another mode propagating on the output facet (the SSP mode) is introduced into the interplay and could lead to a significant change of the reflection coefficient [20] . In this study we discuss how to choose geometrical parameters in order to create a high reflector (R >99%) and we characterize the effect of oblique incidence at the output facet for this enhanced reflectivity. Narrow-band resonators or filters have always been an interesting research area in the THz range, because of their applications in many areas of THz technologies, such as in wireless communications [28] and sensing [29, 30] . A few methods have been used to implement THz resonators, including quasi-optic resonators based on a Fabry-Perot cavity [30, 31] , membrane resonators using metamaterials [32] , wire-disc resonators which rely on whispering gallery modes [33] , integrated waveguide-coupled THz resonators using microcavities [34] [35] [36] , Bragg gratings with defects [29, 37, 38] and various types of quantum-cascade lasers [39] [40] [41] . Here, we demonstrate a prototype of a band-pass THz resonator by using the concept of a designer reflector.
Enhanced reflection using spoof surface plasmons

Design and modeling
Our device is based on an aluminum PPWG. To support SSPs on the output surface, a periodic pattern of straight grooves are cut into the output facet of both the upper and lower waveguide plates, parallel to the output aperture of the waveguide. The groove patterns on the two waveguide plates are identical to each other. Figure 1 (a) illustrates a cross-section of a pattern of five periodic grooves on the output facet, adjacent to the waveguide's exit aperture. The crosssection of a single groove is rectangular, with a fixed width (a) of 152 µm. The plate spacing (b), groove depth (h), periodicity (d) and the distance from the first groove to the waveguide aperture edge (L) are varied to tune the frequency and strength of the surface plasmon coupling [1, 3, 11, 18, 19] . Figure 1 To fine tune the geometrical parameters of the groove pattern for the highest reflectivity, we conducted numerical simulations using the finite element method (FEM) [42] . Figure 2(a) shows an example of the optimized reflectivity. The plot illustrates the simulated reflection coefficients as a function of frequency with the parameter settings as indicated in the inset. At the selected frequency (174 GHz), the reflection coefficient at the output facet reaches a peak of more than 99% (peak reflectivity). The red curve shows a simulation using the same PPWG without groove patterns on the output surface, in comparison to the case with five grooves on each plate. Clearly, the reflection is greatly enhanced relative to that of a waveguide without any groove pattern (which is ∼20% for this plate separation). Figure 2 (b) shows a cross-sectional plot of the electric field distribution in the neighborhood of the output aperture at the design frequency (174 GHz). Most of the energy concentrates in the near field in the vicinity of the grooves and the output face of the waveguide, showing no energy coupling out into the far field. The number of grooves on each plate of the PPWG also has an influence on the reflectivity, as shown in figure 2(c). As the number of grooves increases, the peak reflectivity increases to nearly 100%, saturating when the number is larger than about four. Evidently, almost all of the contribution to the enhanced reflectivity is from the first five grooves, so for our experimental studies discussed below we choose to cut five grooves on each plate of the PPWG.
Further simulations permit us to investigate the dependence of this enhanced reflectivity (R) on various aspects of the groove pattern geometry. These simulations are an important aspect of the fabrication and optimization process. Figure 3 illustrates the enhanced reflectivity as a function of several relevant geometrical parameters (h, d, L and b as defined in figure 1), extracted from numerical simulations. In figure 3 , each panel illustrates the results of a series of simulations in which we sweep the value of a single parameter in a range around the optimized value (indicated by the dashed line in each panel), with the other geometrical parameters fixed at the values indicated in figure 2(a). Two key factors are extracted from the simulations and plotted in this figure: one is the highest value of the reflectivity R exhibited at any frequency within the simulation range, and the other is the frequency at which R reaches this maximum value (labeled as the peak frequency).
As shown in figure 3(a), both the peak frequency and reflectivity are very sensitive to the groove depth (h). This can be understood by using the asymptotic frequency (ω = πc/2h) of the SSPs [2] , which is designed to enhance reflectivity at the open end of the waveguide. When the groove depth becomes shallower, the asymptotic frequency blue shifts, and thus the SSPs with the same surface confinement have a higher frequency. The periodicity (d) of the pattern also influences the behavior of the supported SSPs, but with less sensitivity than h (as in figure 3(b) ). The SSPs have an effective wave vector k x parallel to the metal surface. For the one-dimensional groove pattern, k x can be approximately expressed by the dispersion relation [2, 3] where k 0 is the wave vector in vacuum, and a, h and d are the groove width, groove depth and the periodicity of the groove pattern, respectively. The periodic grooves also act like a grating with a band edge determined by k x1 = π /d. This grating resonance also contributes to the resonant coupling between the waveguide mode and the SSP mode. The periodicity d decreases as the inverse of the band edge k x1 , corresponding to a high frequency on the dispersion curve ( figure 3(b) ). The distance between the first groove and the edge of the waveguide aperture (L) also influences the interaction between the SSP mode and waveguide mode. The longer the distance L, the less the coupling between waves of the two modes, and therefore the less reflectivity. We note that this behavior is not linear, but rather exhibits a threshold behavior, with a rapid decrease in reflectivity for L larger than about 90 µm ( figure 3(c) ). The plate spacing (b) influences the effective impedance of the TEM mode in the PPWG [26, 27] , as well as the diffraction of the waves at the output aperture. Because the enhanced reflection results from the resonant coupling of two modes which have wave vectors orthogonal to each other [20] , the coupling efficiency depends on the mode matching at the output of the waveguide. The smaller the plate spacing, the more the waves at the output aperture are strongly diffracted, and thus the better coupling to the modes with orthogonal wave vectors, leading to a larger enhanced reflectivity ( figure 3(d) ). It is clear from these simulations that, within the tolerance of mechanical machining (∼ ± 25 µm), it is possible to design and fabricate waveguides with groove patterns optimized for high reflectivity (>99%) at a selected frequency of interest. Small errors in the groove geometrical parameters can be offset by slightly adjusting the plate spacing b so as to obtain the desired resonant frequency for maximum reflectivity. We can gain a qualitative understanding of the dependence of the peak frequency on the geometrical parameters of the groove structure using a simple RLC circuit model (figure 4). Because the plate spacing b of the PPWG and the sizes of the grooves are subwavelength in scale, the whole structure can be represented as a short dipole antenna as illustrated in figure 4 (a). In this picture, the PPWG acts as the feeding circuit and the corrugated output facet acts as the antenna pad. The equivalent circuit model is shown in figure 4(b) . To analyze this model, we write the effective length of one arm of the dipole antenna as x = b/2 + L + ηd, which is equivalent to the physical size of the corresponding waveguide structure. Here, η represents the number of grooves in which the SSP field amplitude is significant. As shown in figures 2(b) and (c), when the waveguide mode and the SSP mode are resonant, most of the energy concentrates on the first three grooves, so we estimate η ∼ 3. In this case, the capacitance of the structure can be approximated as that of a linear dipole antenna [43, 44] 
The inductance of the short antenna can be calculated as the ratio of the magnetic flux ϕ to the current I. According to the numerical simulation, when the waveguide and SSP are at resonance, most of the magnetic field lines are concentrated inside the grooves. The magnetic flux can thus be estimated by using the average magnetic field times the area of the grooves (ηah). Since the antenna current is fed by the PPWG, it is not influenced by the groove structure and is therefore a constant value. Thus, the inductance is approximately proportional to the groove area. For the circuit of figure 4(b), the resonant frequency is calculated as ω = 1/ √ LC. From this, we find an approximate proportionality which predicts the scaling of the resonant frequency with geometrical parameters
This expression can be used to understand the functional dependence of the resonant (peak) frequency on the geometrical parameters h, b, L and d. As illustrated by the red curves in figure 3 , the predictions of this simple analytical model, with a suitably chosen proportionality constant, show reasonable consistency with the FEM numerical simulations.
Measurements-normal incidence
The schematic of the experimental setup for the normal-incidence reflectivity measurement is shown in figure 5 . A THz-TDS system using a fiber-coupled transmitter and receiver are used, with a bandwidth ranging from 0.05 to 2 THz. The THz wave is polarized normal to the aluminum plates in order to excite the TEM mode at the input of the waveguide. A Teflon cylindrical lens is held adjacent to the input aperture of the PPWG to improve the coupling efficiency into and out of the PPWG [45] . A 2 cm thick high-resistivity silicon beam splitter is used to sample part of the reflected beam into the THz receiver. We use a thick silicon beam splitter so that its etalon reflections can be temporally separated from the signal of interest. The reflected signal from the output facet of the PPWG is measured by the receiver with a long time window to achieve high spectral resolution. Since the incident and reflected beams are overlapped and are normal to the PPWG output face, the measured signal is the normal reflection as indicated in figure 5 . A series of waveguides with each plate having a five-rectangular-groove pattern of different parameters were fabricated and tested in our setup. Figure 6 shows typical examples of transmission and reflection for two sets of waveguides. One set has a plate spacing of b = 600 µm (figures 6(a) and (c)), while the other has a separation of 200 µm (figures 6(b) and (d)). The transmitted signals are collected by putting the receiver on the optical axis 2 cm away from the output of the waveguide. These transmission spectra are normalized to the transmission spectra through a waveguide of identical dimensions without grooves. For reflection, a reference signal was measured by pressing an aluminum mirror directly against the output facet, so that the reference signal represents a nearly perfect reflection at the output facet.
For the waveguide of plate spacing of 600 µm, two different five-groove patterns are tuned (by choosing L, h and d) for two distinctive frequencies, 83 and 197 GHz. Figures 6(a) and (c) show that the transmission is strongly diminished and the reflection enhanced (>99%) at the Experimental setup for the measurement of reflection at an oblique angle of incidence, θ > 0. The right inset shows a ray tracing schematic of the device designed for the measurement of the lateral spatial shift of the reflected beam as a function of angle of incidence. design frequencies for both cases. These results are in reasonable agreement with numerical simulations (solid curves), except for small oscillations in the measured spectra resulting from multiple reflections in the THz optics. For waveguides of plate spacing of 200 µm, the groove patterns are also optimized for two different frequencies, 179 and 234 GHz. Similar strong modifications of the spectrum are shown in figures 6(b) and (d), which also shows a reflection coefficient approaching 100%. These results demonstrate that the peak frequency can be tuned by modifying the geometrical parameters of the metal surface structuring, while maintaining the near-perfect reflection at the design frequency.
We note that a PPWG which has a plate spacing of 200 µm exhibits a reflection at the output aperture of ∼60% even with no groove pattern, because of the impedance-matching consideration discussed above [26, 27] . Thus to differentiate the reflectivity enhancement by SSPs, it is clearer to use PPWGs of spacing 600 µm, for which the reflection coefficient is less than 20% at the frequencies of interest when the output facet is not patterned with grooves. In this case of larger plate spacing, the reflectivity change (grooves vs. no grooves) is more than a factor of five.
Angle dependence and phase shifts
An interesting approach to understand the enhanced reflectivity induced by SSPs is to probe the resonant coupling between the TEM mode in the PPWG and the surface plasmon mode on the patterned surface by varying the incident angle (θ ) (see figure 1 ). For these angle-dependent measurements, we need to fabricate a new series of waveguides with an angled facet on the input side, so that the input and reflected waves both travel through a waveguide facet that is normal to the propagation direction (as shown in the inset of figure 7 ). We fabricate a series of waveguides, all of which have identical groove patterns, but each of which has a different angle cut on the input facet. In this way, we can study the angle dependence of the reflection without having to disentangle effects at the non-patterned input facet. For these measurements, the groove pattern was designed to have a maximum reflectivity at a frequency of 191 GHz when excited at normal incidence (θ = 0). For each incident angle, the THz receiver was masked by a 1 mm aperture and placed 2 cm away from the waveguide facet where the reflected wave emerges.
As indicated in figure 8 , the peak frequency at which the reflection reaches a maximum shifts as the incident angle increases. This is consistent with the three-dimensional (3D) FEM simulation, shown as red curves in figure 8 . The peak frequency shifts according to f peak = f 0 /cos θ , where f 0 is the design frequency for normal incidence (191 GHz) that is determined by the groove geometry. A plot of this dependence is shown in the top right panel in figure 8 along with the experimental and simulation results, all of which show good agreement. The origin of the angle dependence can be explained by a model based on the coupling between the surface mode and the component of the waveguide mode perpendicular to the output facet, as discussed previously [20] .
In addition to an angle-dependent frequency shift, another phenomenon associated with the SSP reflection is an angle-dependent spatial shift of the output beam. This lateral shift is shown in the bottom right panel in figure 8 . It is measured by scanning the receiver (figure 7) along a line parallel to the waveguide facet from which the beam emerges and 2 cm away from this facet. In figure 8 , the data points show the amplitude of the reflected wave at the frequency of maximum reflection as a function of position along this line. The red squares show the result when a mirror is pressed against the output facet while the blue circles show the reflection from the patterned output facet. The solid curves show the corresponding numerical simulation results. A lateral shift of 2.5 mm is observed for the incident angle of 30
• . This shift is strongly reminiscent of the Goos-Hänchen effect discussed initially in the context of total internal reflection [46] [47] [48] . A lateral shift is a general consequence of a reflection from an interface where the beam has a finite width and the amplitude reflection coefficient is complex. A distinction between the lateral shift observed here and the traditional Goos-Hänchen effect is that in our case, the shift arises from an interaction with a surface wave whose wave vector is perpendicular to the plane of incidence [20] .
Finally, we also observe a decrease in the maximum value of the reflectivity with increasing angle. As the angle of incidence increases, the maximum reflectivity decreases from almost 99% at 10
• to 84% at 30
• . This change in the reflectivity is an important property and should be considered in its further applications, such as the resonator design discussed below. The decrease of maximum reflectivity can be understood qualitatively as follows: when the incident wave has a wave vector component parallel to the groove axis (the x-axis shown in figure 1 ), a portion of the energy can couple to the groove channels, which itself is a waveguide [49, 50] , and cause energy loss by propagating along the groove axis. The amount of the energy loss in this way depends on the coupling efficiency which is an increasing function of the incident angle. Therefore the incident angle should be kept low in the application design in order to obtain high reflectivity.
A terahertz resonator
The patterned PPWG has a distinctive quality of achieving high reflection (>99%) at a single design frequency, making it a potential candidate for various THz applications. Here, we introduce an example of a THz resonator.
When a broadband THz wave is reflected at the output facet of a PPWG with an engineered groove pattern, it carries almost 100% of the energy at the design frequency ( figure 6 ). Thus the patterned output surface acts as a nearly ideal THz filter, with a full width at half maximum (FWHM) of a few tens of GHz. Cascading of this filter operation will therefore lead to narrowing of the spectrum reflected back into the waveguide, with relatively little loss at the design frequency. Therefore, multiple reflections can be used to design a resonator with a high qualityfactor Q and relatively high throughput.
To explore this concept, we first conduct FEM simulations of a structure in which the THz wave reflects three times off of a patterned facet. Figure 9 illustrates top-down views of the results of these simulations. These results display the electric field distributions when the THz beam is incident at an angle of 10
• to the normal of the reflecting surfaces. The blue lines indicate the surfaces that are patterned with grooves to provide enhanced reflection. Figure 9(a) shows the result at the design frequency (174 GHz), while figure 9(b) shows the same result except that the grooved surfaces have been replaced in the simulations by perfectly reflecting mirrors at the same locations. For these two cases, we observe that nearly the same energy is delivered to the output port of the device. Figures 9(c) and (d) show the results when the device is excited off resonance. The energy delivered to the output port drops to nearly zero for 160 GHz (figure 9(c)) and 190 GHz ( figure 9(d) ). When using a resonator based on the geometry shown in figure 9 , the requirement of two identical groove patterns on both of the reflecting facets poses somewhat of a fabrication challenge. Typical machining tolerances of ∼25 µm will lead to uncertainty in the groove geometrical parameters (L, h and d), which will lead to shifts in the peak frequency for one reflecting surface relative to the other one. Obviously, in order for the resonator to operate as anticipated, such shifts are not desirable. Even a small difference in design frequency of less than 10 GHz will lead to a dramatic reshaping of the spectrum of the radiation reaching the output port, especially in the case of a large number of internal reflections. To avoid this problem, we modify the design for the THz resonator as shown in figure 10 . Here, only one facet of the waveguide is decorated with grooves, while the other facet relies on a broadband mirror reflection. This firmly contacted mirror makes a perfect reflection at its interface for the THz waves coming from inside the waveguide, creating an image of the groove-patterned facet symmetric to the mirror (as labeled in figure 10 ). The grooved surface has a length of 15 cm, in order to allow space for multiple reflections between the input and output port. The mirror on the upper facet can be lengthened or shortened, in order to control the number of internal reflections-a longer mirror will give rise to more reflections before the wave reaches a point where it can escape from the device. Therefore the overall result is equivalent to reflection from two identical patterned facets as in figure 9 , but without the fabrication challenge of creating two identical groove patterns on two different surfaces.
To demonstrate this resonator, we fabricated the device as shown in figure 10 . The groove pattern was designed for a peak frequency of 170 GHz when illuminated at normal incidence, or 167 GHz when illuminated at 10
• (as is relevant here). The receiver is placed 2 cm away from the facet without a groove pattern, adjacent to the contact mirror, to collect the waves emerging from the waveguide. By varying the length of the reflecting mirror and adjusting the location of the receiver, the number of reflections on the patterned facet can be modified and identified in the time domain, since each subsequent reflection adds additional travel path length (and therefore time delay) to the signal. For each measurement, we acquire a reference signal by pressing another mirror tightly against the facet with groove patterns, similar to the procedure used for referencing for the data of figure 6(c) and (d).
The results of these measurements are shown in figure 11 . A few typical output spectra are shown, for different numbers of internal reflections. Evidently, the width of the spectral peak decreases as the number of bounces increases, while the peak amplitude only changes by a small amount. We find that the FWHM decreases from ∼30 GHz for the case of only 1 reflection to ∼7 GHz for 12 reflections. We can understand this line narrowing as a simple cascading filter effect, as discussed above. To confirm this interpretation, we use the spectrum measured after a single reflection as a starting point, and compute the evolution of the FWHM by considering higher-order multiples of this spectrum. This result is shown as the blue curve in the inset of figure 11 , along with the measured widths (data points). These results are also consistent with numerical simulations (red curve).
It is important to note the effects of diffraction. The THz wave is coupled into a PPWG at a beam width of 1.5 cm using a pair of confocal lenses. The path length of the THz wave inside the waveguide after 12 bounces is almost 70 cm. Assuming Gaussian beam diffraction, we would expect a beam waist of ∼9 cm at the output port. Thus, for a large number of reflections, the signal collected at the receiver is actually an overlapping mix of several temporal signals that have experienced differing numbers of reflections. These are reasonably well separated in the time domain because each has traveled a different path length. However, since the filtering effect significantly stretches the original single-cycle pulse in the time domain, the trailing part of one particular reflection can overlap with the leading part of the subsequent reflection. This is essentially an experimental artifact of studying a narrowband effect using a broadband-pulse technology, which leads to some uncertainty in the extraction of, e.g., the precise linewidths (as shown by the error bars in figure 11 ). We would anticipate that this concern would be largely eliminated if a narrowband tunable THz source were used.
Conclusion
In conclusion, we have demonstrated that by using SSPs the reflectivity at the output facet of a PPWG can be enhanced almost up to 100% within a desired THz spectral range. We present a prototype of a THz resonator based on this new concept. This device concept could prove valuable in a variety of applications in which narrowband spectral filtering or sensing is desired, such as for example in the THz analog of cavity ring-down spectroscopy.
